Nitrogenase is an oxygen-vulnerable metalloenzyme that catalyzes nitrogen fixation. It largely remains unknown how nitrogenase coexists with oxygenic photosynthesis in nonheterocystous cyanobacteria, since there have been no appropriate model cyanobacteria so far. Here, we demonstrate in vivo transposon tagging in the nonheterocystous cyanobacterium Leptolyngbya boryana as a forward genetics approach. By conjugative transfer, a mini-Tn5-derived vector, pKUT-Tn5-Sm/Sp, was transferred from Escherichia coli to L. boryana cells. Of 1839 streptomycin-resistant colonies, we isolated three mutants showing aberrant diazotrophic growth. Genome resequencing identified the insertion sites of the transposon in the mutants. This in vivo transposon tagging mutagenesis of L. boryana provides a promising system to investigate molecular mechanisms to resolve the Oxygen Paradox between nitrogen fixation and oxygenic photosynthesis in cyanobacteria.
Nitrogen fixation is a process by which molecular nitrogen is converted into ammonia that is available for many organisms as a nitrogen source. Nitrogenase, which catalyzes the biological nitrogen fixation, consists of two protein components, the Fe protein (a NifH dimer) and the MoFe protein (a NifD-NifK heterotetramer). Both protein components carry metallocenters; a [4Fe-4S] cluster in the Fe protein and a pair of P-clusters and FeMo cofactors (FeMo-co) in the MoFe protein, which are irreversibly destructed on exposure to oxygen with half-lives of seconds to minutes [1] . The oxygen vulnerability of nitrogenase is conserved among nitrogenases from all organisms examined so far. Thus, nitrogen-fixing organisms inhabiting oxic environments have developed a variety of elaborate mechanisms to protect nitrogenase from oxygen. For example, Azotobacter vinelandii, an aerobic nitrogen fixer, maintains the cellular environments anoxic with active respiration that consumes oxygen on the cytoplasmic membrane. In addition, a ferredoxin-like protein called the FeSII protein (Shethna protein II) serves as a direct protection protein for nitrogenase in A. vinelandii [2] .
Cyanobacteria are photosynthetic prokaryotes that evolve oxygen by the oxidation of water in photosystem II (PSII). About half species of cyanobacteria have the ability to fix nitrogen by the use of nitrogenase [3] . These diazotrophic cyanobacteria should protect nitrogenase not only from the environmental oxygen but also from the endogenously produced Abbreviations COX, cytochrome c oxidase; FeMo-co, iron-molybdenum cofactor; PSII, photosystem II; RE, restriction endonuclease; Sm, streptomycin; Sm R , streptomycin resistance; WT, wild-type.
oxygen. The most well-studied protection mechanism is spatial separation of nitrogenase from photosynthesis through heterocyst differentiation that is represented by Anabaena sp. PCC 7120 [4] . Heterocysts are special cells that are differentiated from vegetative cells at a frequency of about one-tenth vegetative cells in response to nitrogen deprivation in Anabaena sp. PCC 7120. Heterocysts have a reduced amount of PSII [5] , develop thick cell walls to repress the influx of oxygen from the environment [6] , and consume the residual cellular oxygen by a high activity of respiration [7] . Then, the cytoplasm in heterocysts is kept anoxic for optimal operation of nitrogenase. The other strategy, temporal separation, is found in some nonheterocystous cyanobacteria including unicellular strains [8] [9] [10] [11] .
In such cyanobacteria, nitrogen fixation is exclusively confined to the night while photosynthesis is carried out during the daytime. In contrast, some nonheterocystous cyanobacteria including Trichodesmium show nitrogenase activity only during the daytime [12] . This light dependency of nitrogen fixation implies the existence of some molecular mechanisms to solve the Oxygen Paradox between oxygen-sensitive nitrogenase and oxygen-producing photosynthesis. However, it remains largely unknown how these cyanobacteria manage to coexist nitrogen fixation with oxygenic photosynthesis. Leptolyngbya boryana is a filamentous cyanobacterium that has nitrogen-fixing ability without heterocysts under micro-oxic and light conditions [13] . L. boryana is the only nonheterocystous nitrogen-fixing cyanobacterium amenable to genetic manipulation [14, 15] except for one Cyanothece strain [16] . Thus, L. boryana provides a promising system to investigate the molecular mechanism to solve the Oxygen Paradox. In previous works, we determined the genome sequence of L. boryana with high accuracy, found the nif gene cluster spanning a chromosomal 50-kb region, and identified the cnfR gene that encodes the master transcriptional regulator for the nif genes in the gene cluster [17] . According to a series of reporter experiments, CnfR activates transcription from the nifB and nifP promoters when it senses low oxygen and nitrogen deficiency. The cis elements for the nifB and nifP promoters recognized by CnfR are located in the intergenic region between nifP and nifB for divergent transcription [18] . The cnfR gene is ubiquitously distributed among diazotrophic cyanobacteria including heterocystous and unicellular strains [19] , implying that CnfR constitutes one of the mechanisms solving the Oxygen Paradox as a transcriptional activator for the nif genes.
However, it has been difficult to identify new genes involved in these mechanisms by a forward genetics approach since there has been no random mutagenesis system in L. boryana. Recently, a new mini-Tn5-derived vector, pKUT-Tn5-Sm/Sp, carrying a hyperactive transposase was applied to isolate random mutants in the unicellular cyanobacteria Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 [20] . Here, we establish an in vivo transposon tagging mutagenesis system in L. boryana by conjugative transfer of the transposon vector from Escherichia coli to L. boryana cells. Using this technique, we isolated three transconjugants showing abnormal diazotrophic growth and determined the sites where the transposon was inserted by genome resequencing analysis. This transposon mutagenesis provides a promising system for genetic investigation of the molecular mechanisms to solve the Oxygen Paradox in L. boryana.
Materials and methods

Strain of L. boryana
Leptolyngbya boryana strain dg5 [21, 22] without or with kanamycin (15 lgÁmL À1 ) at 30°C [21] . For heterotrophic growth comparison, cells grown photoautotrophically on BG-11 were cultivated on BG-11 containing 30 mM glucose in the dark at 30°C. BG-11 agar plates without combined nitrogen (BG-11 0 ) were used for nitrogen-fixing growth [17] .
Conjugative transfer of mini-Tn5 plasmid and selection
Escherichia coli S17-1 kpir-carrying pKUT-Tn5-Sm/Sp [20] was cultivated in LB medium containing streptomycin (Sm) (20 lgÁmL À1 ) overnight (16 h) as a preculture. The 50 mL of LB was inoculated with 500 lL of the preculture and incubated to reach the OD 600 value of about 0.5. The cells were harvested by centrifugation (3000 9 g in 50 mL tubes at 24°C) for 10 min and washed twice with 10 mL of BG-11 medium. The cell pellet was suspended in BG-11 medium to be an OD 600 value of 10 (donor solution colonies appeared about 10 days after the transfer (Fig. S1 ). Well-isolated colonies were picked up and inoculated on a new BG-11Sm plate to verify the Sm R phenotype.
Screening of mutants
Thirty-two Sm R transconjugants were inoculated on a master agar plate (BG-11Sm). After incubation for 7 days, these colonies were copied to two replica plates (BG-11Sm and BG-11 0 Sm) via a piece of velvet cloth [23] . Colonies showing aberrant growth on a BG-11 0 Sm plate were picked up for a second growth comparison. Cells grown on BG11Sm were suspended in water and adjusted to an OD 730 value of 1.0 and the suspensions were transferred onto a new BG-11 0 agar plate. As control mutants, NK1 (ΔnifDK) for Nif À and NK8 (ΔnifX) for Nif S [17] were used for the growth comparison.
Estimation of growth on agar plates
Cells grown under oxic and nitrate-replete conditions were suspended in water and the cell density was adjusted to OD 730 of 1.0. Aliquots (10 lL) of the suspension were transferred onto a nylon membrane (Hybond-N+) placed on a BG-11 0 agar plate followed by incubation under oxic conditions at 30°C for 2 days (50
This pretreatment on BG-11 0 agar plate was carried out to emphasize the defect of nitrogen-fixing growth (Figs 1A and S2B). The membrane was transferred onto BG-11 or BG-11 0 agar plates and incubated under individual conditions-oxic/nitrate-replete, micro-oxic/nitrate-replete, and micro-oxic/nitrate-depleted-for 5 days. To quantify growth, each spot was cut out from the membrane and transferred to a 1.5-mL tube. All cells on the spot were suspended in water (1.0 mL) and OD 730 value of the suspension was recorded with a spectrophotometer (UV-1600, Shimadzu, Kyoto, Japan).
Nitrogenase activity
Acetylene reduction as a nitrogenase activity was measured as described in the study by Tsujimoto et al. [17, 18] . NK1 and NK8 were also assayed as control strains [17] .
Preparation of genomic DNA
Cells grown photosynthetically on a BG-11 agar plate (80 lmol photon m À2 Ás À1 ) were suspended in 100 mM EDTA and the cell concentration was adjusted to an OD 730 value of 10 (1.0 mL). After one cycle of freezing (À20°C) and thawing, cells recovered by centrifugation (15 000 9 g, 3 min) were suspended in 400 lL of genome extraction buffer (50 mM Tris-HCl; pH 7.4, 100 mM EDTA, 4% sulfobetaine 3-14). Then, 16 lL of lysozyme (25 mgÁmL À1 ) and 4 lL of RNase A (100 mgÁmL À1 ) were added, followed by a 1-h incubation at 37°C. After the gentle wash of the surface of the cell pellet with 500 lL of TE (10 mM Tris-HCl, 1 mM EDTA; pH 8.0), the cell pellet was suspended in 150 lL of DNA extraction buffer (DNAs-ici!-F; Rizo Inc., Tsukuba, Japan) and incubated at 70°C for 10 min. After cooling down, 150 lL of phenol-chloroform-isoamyl solution (phenol : chloroform : isoamyl alcohol = 25 : 24 : 1) was added, and the mixture was shaken with a vortex mixer for 1 min. The upper phase was recovered after centrifugation (15 000 9 g, 3 min, 4°C). An equal volume of chloroformisoamyl solution (chloroform : isoamyl alcohol = 24 : 1) was added and the solution was gently shaken. The recovered upper phase was mixed with an equal volume of isopropanol to precipitate genomic DNA. After centrifugation (15 000 9 g, 10 min, 4°C), the pellet was washed in 300 lL of 70% ethanol and dried up under a vacuum to remove ethanol completely. Genomic DNA was dissolved in 50 lL of 1/10 TE buffer (1 mM Tris-HCl, 0.1 mM EDTA; pH 8.0). The concentration of the genomic DNA was determined by measuring the absorbance at 260 nm with a small spectrophotometer, Quantus Fluorometer spectrophotometer (Promega, Fitchburg, WI, USA). ).
Determination of the transposon insertion sites
Genome resequencing was carried out by MiSeq (Illumina, CA, San Diego). Paired-end reads bearing the sequence of the Tn5 transposon (GenBank accession number, AB971580) at one end were collected from the genome resequencing data using BWA-MEM [24] and a homemade Perl script. The nucleotide sequences of the other ends of the transposons were used to specify the candidate sites of transposon insertion in the whole genome of L. boryana (GenBank accession numbers, NZ_AP014642, NZ_AP014644, NZ_AP014643, and NZ_AP014645) by BLASTN [25] . Based on the prediction, primers were designed to amplify the chromosomal fragment to confirm the presence/absence of the transposon (Table S2) , and colony PCR was carried out (KOD FX Neo, Toyobo, Osaka, Japan). In addition, the results of PCR confirmed whether the chromosomal copy carrying the transposon was completely replaced with the WT chromosomal copy. The PCR-amplified fragment, whose size was expected (ca. 2.6 kb) to carry the transposon, was purified from agarose gel, and the nucleotide sequence of the fragment was determined by the Sanger method.
Western blot analysis
The expression of the nif genes of dg5 and CT889 was induced under the nitrogen-fixing conditions as previously described [17] . Crude extracts were prepared, and SDS/ PAGE and electrotransfer were carried out as previously described [26] . After washing the membrane on which separated proteins were transferred, the membrane was blocked by bovine serum albumin (SNAP i.d. 2.0, Merck). The membrane was reacted with specific antisera against NifH, NifD, and NifK [27] in a 1 : 1000 dilution overnight. An anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad) was used as a secondary antibody. Specific signals were generated by SuperSignal West Dura Extended Duration Substrate (Thermo Fischer Scientific) and detected by a chemiluminescence detector (LAS-3000, Fuji Film, Tokyo).
Results
In vivo transposon tagging and screening for mutants defective of nitrogen-fixing growth
A mini-Tn5-derived vector, pKUT-Tn5-Sm/Sp [20] , was transferred from E. coli S17-1 kpir to L. boryana by conjugative transfer. After incubation for 10 days, 1-10 colonies appeared on each spot on selective agar plates containing Sm (Fig. S1 ). These colonies were reinoculated on new agar plates to verify the Sm R phenotype, and in total, 1839 colonies were subjected to the following screening as Sm R transconjugants. To examine whether this in vivo transposon tagging was effective in isolating mutants defective for nitrogen-fixing growth, we screened 1839 transconjugants through comparative cultivation on oxic/nitrate-replete, micro-oxic/nitratereplete, and micro-oxic/nitrate-depleted (nitrogen fixation) conditions. Three Sm R transconjugants (CT889, CT1590, and CT1799) showing abnormal growth under the nitrogen-fixing conditions were isolated for further characterization. Under nitrogen-fixing conditions, CT889 did not grow as well as NK1 (ΔnifDK, [17] ), CT1590 grew significantly slower than WT similar to NK8 (ΔnifX, [17] ). CT1799 grew significantly faster than WT under micro-oxic conditions (micro-oxic/nitratereplete and micro-oxic/nitrate-depleted) ( Figs 1A and  S2) .
In vivo nitrogenase activity of these mutants was determined (Fig. 1B) . CT889 showed only 3% activity of WT, which is consistent with the growth defect under nitrogen-fixing conditions. The activity of CT1590 (94%) was almost the same level as that of WT. Since CT1590 showed slow growth phenotype under nitrogenfixing conditions in spite of the normal nitrogenase activity, this suggested that CT1590 has defects in some processes other than nitrogenase and its biosynthesis. Interestingly, CT1799 showed significantly higher activity (124%) than that of WT. Considering that CT1799 grew also faster under micro-oxic conditions than WT (Fig. S2) , this higher nitrogenase activity might be caused by the growth enhancement.
Identification of the transposon insertion sites
To identify the transposon insertion sites of the three transconjugants, genome resequencing was carried out. In addition, given that this transposon tagging technique was applied in L. boryana for the first time, we should confirm how randomly the transposon carrying the Sm R cartridge is inserted into the genome. To this end, in addition to the three transconjugants, nine additional Sm R transconjugants (12 in total) were subjected to genome resequencing analysis.
The analysis of genome resequencing data successfully predicted the transposon insertion sites in all transconjugants (Figs 2 and S3) . The predicted sites were confirmed by PCR (Fig. S4) . Nine transconjugants carried the transposon as a single copy. The transposon was identified in CT1338 and CT1590 at two different sites and in CT889 at three sites (Figs 2 and S3). Colony PCR indicated that, in most transconjugants, a mutant copy carrying the transposon is completely segregated from the WT copy. However, segregation was incomplete in some loci, in which mutant and WT copies coexist in the chromosome (Fig. S4) . Of the total 16 sites of transposon insertion, three sites were located in the plasmid pLBA. The other 13 sites were dispersed at various positions on the main chromosome of L. boryana (Fig. 3) . On the insertion of the transposon, a chromosomal 9-bp sequence of the site is duplicated, which is a characteristic feature of Tn5 insertion [28] . The 9-bp repeats found at both ends of the transposon showed no significant similarity to each other (Fig. S5) . In CT1783, the repeat sequence was only 8 bp.
In CT889, three insertion sites were identified (Fig. 2) . Two sites were located on pLBA; one was in LBDG_A0130 and the other was in LBDG_A0490, which are annotated as a hypothetical protein and integrase family protein, respectively (Table S1 ). Profiles of resequencing reads on the two loci suggested that the WT and the mutant copies coexist, which were confirmed by colony PCR (Fig. S4A) . The third site was identified in the intergenic region between nifU and nifH in the main chromosome (Fig. 2) . The WT copy in this site was completely replaced with the mutant copy carrying the transposon (Fig. S4A) . The nucleotide sequence of this intergenic region is shown in Figure S5A . Given that CT889 showed the Nif À phenotype similar to NK1 (ΔnifDK) and that CT889 carries only the mutant copy in the locus of nifU-nifH, it is reasonable to conclude that the transposon insertion between nifU and nifH is responsible for the Nif À phenotype of CT889. The severe defect in the nitrogenase subunits NifH, NifD, and NifK in CT889 was confirmed by western blot analysis (Fig. S6 ) which was consistent with the extremely low nitrogenase activity and the Nif À phenotype of CT889. Quantitative growth estimation of CT889 indicated that growth under micro-oxic/nitrate-replete conditions was enhanced (Fig. S2 ). This phenotype might be caused by either one of the two insertions on pLBA, which should be investigated further. In CT1590, the transposon was inserted into two sites, the coding regions of LBDG_29640 and LBDG_ 39070. While the mutant copy of LBDG_39070 (annotated as a hypothetical protein; Table S1 ) coexisted with the WT copy, the WT copy of LBDG_29640 was fully replaced with the mutant copy (Fig. S4C) . The annotation of LBDG_29640 is a copper-translocating P-type ATPase (Table S1 ). The amino acid sequence of LBDG_29640 showed the highest similarity (46% identity) to that of a copper transporter protein CtaA (Slr1950) [29] in a BLAST search to the proteins of Synechocystis sp. PCC 6803 (Fig. S7) . A mutant-lacking ctaA of Synechocystis sp. PCC 6803 showed the reduced amounts of copper in cells, leading to constitutive expression of petJ-encoding cytochrome c 6 to replace the role of plastocyanin that carries a copper ion as the redox center [29] . If LBDG_29640 is the ortholog of ctaA (slr1950) in L. boryana and is the gene responsible for the Nif S (slow growth by nitrogen fixation) phenotype, the loss of LBDG_29640 may cause a copper deficiency in the CT1590 cells, resulting in a decrease in the activity of cytochrome c oxidase (COX) that carries copper ions at the active site. Insufficient removal of oxygen caused by the decrease in the COX activity may have a negative impact on nitrogenase during diazotrophic growth of CT1590, resulting in the Nif S phenotype. This hypothesis was supported by the growth defect of CT1590 under heterotrophic conditions in the dark where respiratory activity is essential for growth (Fig. S8) .
CT1799 carries the transposon just upstream (24 bp) of the initial codon of LBDG_41030 in the opposite direction (Figs 2 and S5C ). Since this insertion appears to disturb the transcription or the translation of LBDG_41030, the decrease in the LBDG_41030 transcript is probably responsible for this phenotype. LBDG_41030 is annotated as a hypothetical protein (Table S1 ), while this gene homolog is conserved among filamentous cyanobacteria such as Leptolyngbya, Phormidium, Nostoc, and Calothrix. At this stage, it was difficult to assume how the decreased transcript or protein of this gene causes growth stimulation under micro-oxic conditions.
Discussion
We established in vivo transposon tagging mutagenesis in L. boryana via conjugative transfer of the transposon vector pKUT-Tn5-Sm/Sp from E. coli to L. boryana. Conjugative transfer of a shuttle vector was reported in a closely related strain of L. boryana (Plectonema boryanum) UTEX 594 [30] . After conjugative transfer of the vector into L. boryana, the hyperactive transposase on the vector is transiently expressed to excise the transposon carrying the Sm R cartridge from the vector and insert it on the chromosome. As this vector is not replicated in L. boryana cells, the vector eventually disappears during cell division. The transposon inserted into the chromosome is stably inherited giving rise to a Sm R colony. For targeted mutagenesis in L. boryana, a linearized plasmid, in which the target gene was disrupted by the insertion of a drug resistance cartridge, was incorporated into cells via electroporation [14, 15] . In this study, we tried to transfer pKUT-Tn5-Sm/Sp to L. boryana cells by electroporation. However, the number of Sm R colonies was much less than conjugative transfer, which was not practical for screening of mutants.
The activity of restriction endonucleases (REs) serves as a barrier against DNA transfer to the cells in some filamentous cyanobacteria [31] [32] [33] . The modification of the RE recognition sites in a plasmid to be introduced with specific methylases increases remarkably the efficiency of DNA transfer in Anabaena sp. PCC 7120 [33] . In the genome of L. boryana, there are four genes encoding probable type II REs (LBDG_22410, LBDG_33080, LBDG_43380, and LBDG_44790), which is almost equivalent to Anabaena sp. PCC 7120 (five genes) [34] . While it remains unknown why conjugal DNA transfer is effective without any methylase pretreatments in L. boryana, the activity of REs in L. boryana cells may be much lower than that in Anabaena sp. PCC 7120 due to low expression levels of these genes.
Leptolyngbya boryana mutants, in which the mechanisms solving the Oxygen Paradox are impaired, are expected to show a Nif À or Nif S phenotype. Of course, such mutants also include those in which nitrogenase itself or the nitrogenase biosynthetic process (e.g., FeMo-co biosynthesis) is impaired. For example, the ΔnifDK mutant NK1 and the ΔnifX mutant NK8 show Nif À and Nif S phenotypes, respectively [17] . Thus, to isolate such Oxygen Paradox mutants, after collecting Nif À and Nif S mutants, they should be discriminated from mutants bearing direct impairment in nitrogenase or in its biosynthesis process, through further characterization. The features of CT889 suggested that CT889 is not the expected mutant. The insertion of the transposon into the intergenic region between nifU and nifH may interfere with polycistronic transcription from the nifB promoter, resulting in markedly reduced amounts of transcripts encoding nitrogenase subunits (NifHDK) and subsequently in very low activity of nitrogenase. This was supported by very low contents of NifHDK proteins in CT889 cells (Fig. S6) .
CT1590 is probably one of the expected Oxygen Paradox mutants. Nitrogenase activity of CT1590 was comparable to the WT, indicating that nitrogenase is properly produced at the early stage after induction (14 h). However, during a long incubation period (5 days) for growth comparison, due to the loss of a copper transporter protein CtaA, the cellular copper content would become significantly reduced, leading to a decrease in COX activity. In such situations, the removal of oxygen by COX would be insufficient to maintain the optimal activity of nitrogenase. If so, CtaA could constitute one mechanism for solving the Oxygen Paradox through Cu transport. In a ΔctaA mutant of Synechocystis sp. PCC 6803, the COX activity was about 58% of that of WT [29] . In the purple bacterium Rhodobacter capsulatus, a cytoplasmic Cu transporter CcoI is required for the biogenesis of COX [35, 36] . The fact that CT1590 was defective in heterotrophic growth in the dark (Fig. S8) is consistent with the probable function of LBDG_29640 in the COX biogenesis.
In Anabaena sp. PCC 7120, the loss of coxA3, which encodes one subunit of COX, caused a slow growth phenotype under nitrogen-fixing conditions, indicating an important role of COX in diazotrophic growth of heterocystous cyanobacteria [7] . In nonheterocystous cyanobacteria, active COX activity should also be required for the protection of nitrogenase even under micro-oxic conditions.
The phenotype of CT1799 is very interesting. The insertion site of the transposon suggested that the transcript for LBDG_41030 is decreased or the translation of LBDG_41030 is impaired. The function of protein encoded by LBDG_41030 is unknown, while a probable ortholog is found specifically in diazotrophic and filamentous cyanobacteria. There are five open-reading frames in this locus; LBDG_41020; APT55_RS20615; LBDG_41030; LBDG_41040; and LBDG_41050 (Fig. 2, Table S1 ). These genes may form an operon since their intergenic regions are very short. The insertion of the transposon between APT55_RS20615 and LBDG_41030 may interfere with polycistronic transcription of this operon. Thus, the phenotype of CT1799 may be attributed to a decrease in transcripts for one or some of these five genes. Except for LBDG_41020, the other four genes are specifically conserved in filamentous diazotrophic cyanobacteria. Interestingly, amino acid sequences of LBDG_41040 and LBDG_41050 show significant similarity to serine phosphatase RsbU and an anti-sigma regulatory factor, respectively, while the other two genes encode hypothetical proteins (Table S1 ). Further detailed analysis of this operon is needed.
Leptolyngbya boryana is a versatile cyanobacterium, which can grow by nitrogen fixation under micro-oxic conditions [13, 17] , and has the ability to grow heterotrophically in the dark by active respiration in the presence of glucose [21, 37] . Recently, we reported that the cytM gene-encoding cytochrome c M has a function to suppress heterotrophic growth ability in the dark. A single adenine insertion in cytM was identified as the responsible mutation by comparison between genome sequences of the WT and a spontaneous variant dg5 showing faster heterotrophic growth [21] . This was confirmed by the phenotype of a cytM-disrupted mutant that was isolated through a targeted mutagenesis technique [21] . Together with these previous molecular genetic techniques, this transposon tagging method broadens the potential use of L. boryana to identify the novel genes involved in not only nitrogen fixation but also heterotrophic growth in cyanobacteria.
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